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Manipulation of Human Primary Endothelial Cell and Osteoblast
Coculture Ratios to Augment Vasculogenesis and Mineralization
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Abstract: Tissue-engineering scaffolds are often seeded with a single type of
cell, but there has been more focus on cocultures to improve angiogenesis and
bone formation for craniofacial applications. Investigation of bone-derived
osteoblasts (OBs) is important because of the use of bone grafts and migra-
tion of OBs from native bone into constructs in vivo and therefore, their
contribution to bone formation in vivo. The limitation of primary OBs has
been their inability to mineralize without osteogenic factors in vitro. Through
coculture of OBs and endothelial cells (ECs) and manipulation of the
coculture ratio, mineralization can be achieved without osteogenic media or
additional growth factors, thus enhancing their utility for tissue-engineering
applications. An optimal ratio of EC/OB for vasculogenesis and mineraliza-
tion has not been determined for human primary cells. Human umbilical vein
ECs were cultured with normal human primary OBs in different EC/OB ratios,
namely, 10:1, 5:1, 1:1, 1:5, and 1:10 with EC and OB monocultures as con-
trols. The number of vasculogenic networks in a collagen matrix was highest
in ratios of 5:1 and 1:1. ECs lined up and formed capillary-like networks by
day 10, which was not seen in the other groups. On polystyrene, cells were
cocultured with ECs and OBs in direct contact (direct coculture) or separated
by a transwell membrane (indirect coculture). At day 21, Alizarin Red staining
showed mineralization on the 1:5 and 1:10 direct coculture ratios, with 1:5
having more mineralization nodules present than 1:10. No mineralization was
seen in other direct coculture ratios or in any of the indirect coculture ratios.
Alkaline phosphatase secretion was highest in the 1:5 direct coculture group.
Vascular endothelial growth factor secretion from OBs was present in the 1:5
and 1:10 direct coculture ratios at all time points and inhibited after day 1 in
other coculture groups. To improve vasculogenesis, cocultures of primary
human ECs and OBs in ratios of 5:1 should be used, but to improve bone
formation, the 1:5 direct coculture ratio results in most mineralization.
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here are many types of cells involved with the formation, repair,
and remodeling of bone but bone tissue engineering scaffolds
have usually been seeded with a single type of cell.! There has been
more focus on cocultures, the culture of 2 or more types of cells, in
in vitro and in vivo studies to more closely model the natural
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regeneration of bone and gain more insight into what cell cell in
teractions can improve on the limited success of bone tissue engi
neering thus far. The gold standard for regeneration of bone defects
remains autologous bone grafts which are limited by donor site
morbidity, availability, and decreased efficacy in the elderly.>> Har
vests from bilateral iliac crests have enough tissue to cover 8 cm per
person.* Fully exploring the potential of bone derived primary os
teoblasts (OBs) may lead to strategies to extend and expand the use
of bone grafts for craniofacial applications.

Endothelial cells (ECs) and OBs have multiple interactions
during bone formation. Early coculture studies showed that the ECs
accelerate bone formation through angiogenesis and support that there
is a synergistic relationship between the 2 cell types.” Osteoblasts
produce angiogenic factors such as vascular endothelial growth factor
(VEGF) and matrix components which in turn stimulate ECs to pro
duce osteogenic factors important in the differentiation of ECs into
vessel components.®!%-12 Endothelial cells and formed tubules have
also showed prolonged survival when in coculture,!>!4

Coculture studies of EC and OB have been often been done in
1:1 cell ratios in which the number of ECs is equal to the number of
OBs®!316 but the full potential of the cocultures is not recognized
without using the correct cell ratios. In a study which looked at angio
genesis in cocultures ratios of primary cells, the cultures with human
dermal microvascular EC with human primary OB (EC/OB) in ratios of
1:1 or less had almost no ECs remaining at 1 week, whereas ratios of 5:1
and 10:1 EC/OB showed presence of both types of cells after 1 week.!

The effect of cocultured cells in different ratios has been sys
tematically investigated by Ma et al using human umbilical ECs and
human marrow stromal cells. Because the marrow cells in coculture
require osteogenic media to induce mineralization, these data cannot be
extrapolated to bone derived OBs which do not require the media with
osteogenic supplements to mineralize while in coculture.!” The optimal
coculture ratios that should be used to increase vascularization or oste
ogenesis from these types of OBs still have not been determined. In
vestigation of bone derived OBs is important because of the use of bone
grafts and migration of OBs from native bone into constructs in vivo and
therefore, their contribution to bone formation in vivo. Limitations of
primary OBs have been their inability to mineralize without osteogenic
factors in vitro. Achieving mineralization of these cells without the need
for the addition of factors such as bone morphogenic protein would
enhance their utility for tissue engineering applications.

It is hypothesized that by manipulating the cell ratio of EC to
OB in coculture, vasculogenesis and mineralization can be aug
mented. The ratios investigated in this study (10:1, 5:1, 1:1, 1:5,
1:10) were chosen through review of current EC and OB literature.
The purpose of this study was to determine optimal coculture ratios
of human primary ECs and OBs to enhance mineralization and
vasculogenesis. In addition, the effects of physical contact between
ECs and OBs on mineralization and secretion of alkaline phosphatase
and VEGF in coculture were examined.

MATERIALS AND METHODS
Cell Culture

Human umbilical vein ECs (Invitrogen, Carlsbad, CA) were
cultured in EC media (Lifeline, Walkersville, MD) and used after
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passage 2. Normal human primary OBs (Lonza, Allendale, NJ) were
cultured in OB media consisting of ascorbic acid and antibiotics
(Lonza) and the cells were used after passage 2.

Cocultures

Coculture experiments were performed in different ratios, 10:1,
5:1, 1:1, 1:5, and 1:10, of ECs to OBs denoted EC/OB. Endothelial
cell and OB monocultures were used as controls. All cocultures were
cultured in media consisting of 2% fetal bovine serum, 15 ng/mL in
sulin growth factor 1, 5 ng/mL endothelial growth factor, 5 ng/mL
basic fibroblast growth factor, 50 wg/mL ascorbic acid, 1 pg/mL hy
drocortisone, 0.75 U/mL heparin, 10 mM glutamine, and antibiotics in
MCDB 131. No VEGF was present in these media and both EC and
OB monocultures were able to proliferate in these media.

Direct and Indirect Cocultures on Polystyrene

Polystyrene tissue culture treated 24 well plates (Corning,
Edison, NJ) were used to examine mineralization in direct and indi
rect cocultures. In direct cocultures, the cells were in physical contact
with each other. In indirect cocultures, the cells were separated by
transwell membranes with 0.4 pm pores (Corning) so growth factors
from the cells could interact with the other cell type without physical
cell contact. The direct coculture was performed by mixing the cells
in the desired ratios before seeding them on the substrates. For the in
direct studies, the OBs were seeded on the well plate surface and ECs
seeded on the membrane. The culture medium was changed every other
day and 24 hours before each supernatant collection. A 700 wL of me
dia was used for each medium change. For the indirect cultures, 600 wL
was placed into the well and 100 pL into the membrane insert. At each
time point, phase contrast microscopy (Nikon, Melville, NY) was used
to image the OBs on each well at 10x (n 4 constructs).

Alizarin Red S Staining

Staining using a 2% vol/vol Alizarin Red S solution at pH 4.1
was performed after 21 days of culture to detect calcium from min
eralization. After staining, the monolayer was examined under phase
contrast using an inverted microscope at 10x (Nikon). Areas with
bright red staining were considered to have calcium present (n = 4
samples).

VEGF Enzyme-Linked Immunosorbent Analysis

At days 1, 3, 7, 12, 14, 18, and 21, the supernatant from each
well of the polystyrene cultures was collected and frozen at —80°C.
The culture medium was changed 24 hours before each supernatant
collection. After all samples were collected, enzyme linked immuno
sorbent analysis was performed to determine protein concentration of
VEGF using commercially prepared plates (R&D Systems, Wiesbaden,
Germany) per manufacturer’s protocol. Results are expressed as pico
gram per milliliter (n 3 samples/time point).

Alkaline Phosphatase Assay

Atdays 1, 3,7, 12, 14, 18, and 21, the supernatant from each
well was collected and frozen at —80°C. The culture medium was
changed 24 hours before each supernatant collection. The AnaSpec
Sensolyte FDP Alkaline Phosphatase Assay Kit (Fremont, CA) was
used to measure the concentration of alkaline phosphatase in the su
pernatant per manufacturer’s protocol. Results are expressed as micro
gram per milliliter (n 3 samples/time point).

Collagen Angiogenesis Assay

Collagen matrix was used to evaluate the ability of the co
cultures to form vasculogenic networks in an environment that sup
ports vasculogenesis, but does not contain provasculogenic factors.!>
A 30 pL of ECM matrix (Cayman Chemical, Denver, CO) was

FIGURE 1. Representative images of polystyrene cocultures in direct contact: (A) separation of ECs and OBs in 1:10 coculture on
day 7, (B) nodule formations on day 10 of 1:5 coculture, (D) nodule formation atday 21 in 1:5 coculture, (C) OB monoculture on day
21, (E) EC monocultures at day 14 with apoptotic cells, and (F) 10:1 coculture on day 14 with ECs and OBs growing forming a
mesh-like network.
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Coculture Ratios for Vasculogenesis/Mineralization

FIGURE 2. Day 7 collagen assay. Circular endothelial
formations are seen in the 1:5 coculture.

placed in each well of a 96 well plate and allowed to solidify at 37°C
for 1 hour. Cocultures in the following coculture ratios (EC/OB): EC
only, 10:1, 5:1, 1:1, 1:5, 1:10, and OB only were seeded in each well
at a concentration of 7500 cells/150 pL. Media changes were
performed daily with 150 pL. Cells were stained with calcein AM
before imaging (n 3 4 samples).

Fluorescence microscopy images were obtained at days 1, 3,
and 7 at 10x using an inverted microscope (Nikon). Five to 10 ran
dom images were taken of each sample. Image analysis was
performed by pattern recognition as described by Luesch et al.!® In
this method, a number was assigned to the angiogenesis pattern
present in each image. Individual cells that were well separated were
assigned 0 point. Migrating cells that were aligning were assigned
1 point, capillary tubes without sprouting were assigned 2 points,
sprouting of new capillary tubes were assigned 3 points, the forma
tion of closed polygons were assigned 4 points, and if complex mesh
like structures were present, 5 points were assigned.'®

Matrigel Angiogenesis Assay

The ability of the different coculture ratios to form vasculogenic
networks was also evaluated using a Matrigel, a provasculogenic
substrate (Millipore, Billerica, MA). Two sets of experiments were
done in Matrigel. The first experiment had the same total cell number

in each well for each group so the seeding density was the same. A
150 wL of the cell solution with a total cell number of 7500 cells per
well were added to each well. The second experiment had 7500 ECs
per well and OBs were added to achieve the desired coculture ratio. To
perform the assay, 50 wL of EC matrix solution was added to pre
cooled 96 well tissue culture plates and incubated at 37°C for 1 hour.
human umbilical vein endothelial cells and OBs were trypsinized
and resuspended in coculture media in the following coculture ratios
(EC/OB): EC only, 5:1, 1:1, 1:5, and OB only. The 1:10 and 10:1 ratios
were not done because based on preliminary experiments, the number
of cells required to achieve these ratios was not feasible under the re
straints of the assay and well sizes. For both experiments, the cells were
incubated for 6 hours at 37°C before imaging. Imaging was performed
using phase contrast microscopy (Nikon) at 10x. Five random images
were taken of each sample. Image analysis was performed by pattern
recognition counts as was done with the collagen assay (n 3 samples).

Statistics

Statistics were performed using 1 way analysis of variance
with significance determined at P < 0.05. Results are reported as
mean (SD).

RESULTS

Cocultures on Polystyrene

The direct coculture 1:5 and 1:10 ratios on polystyrene were
the only groups to show evidence of cell organization and minerali
zation. Endothelial cells clustered together and a separation between
the EC and OB could be seen starting at day 3 in these 2 groups
(Fig. 1A). This organization of cells was also seen in the 1:5 and
1:10 groups on the collagen assay starting at day 7 (Fig. 2). In the 1:5
and 1:10 polystyrene direct coculture groups at day 10, there was
evidence of nodule like formations with OBs situated radially around
the circular formation (Fig. 1B) and in subsequent days there was
continued nodule formation and mineralization patches present with
no evidence of cell death (Fig. 1C). Osteoblast monocultures did
not form nodule like formations or patches and the cells remained
elongated and parallel to each other through day 21 (Fig. 1D).

Endothelial cell monocultures reached confluence and the
cells started to become apoptotic at day 14 and did not survive to day
21 (Fig. 1E). The 10:1 and 5:1 direct coculture groups showed pro
liferation of both cell types throughout the 21 days but the ECs and
OBs grew on top of each other, forming a mesh like network starting
at day 14 with no nodule formation (Fig. 1F). The 1:1 group also had
ECs and OBs growing on top of each other, but the cell layer partially

N

FIGURE 3. Indirect polystyrene cocultures: (A) 5:1 indirect coculture with flattened OBs with multiple filopodia on day 3 and (B) 5:1

indirect coculture on day 21.

© 2014 Lippincott Williams & Wilkins
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coculture, and (C) no mineralization in OB monoculture.

lifted off the substrate on day 10. From days 10 to 21, mostly OBs
remained in the 1:1 culture with a few EC clusters present.

In the indirect coculture group, the OBs were spaced far apart
in groups 10:1, 5:1, and 1:1 and the cells took on a flattened ap
pearance with multiple extended filopodia on days 1, 3, and 7
(Fig. 3A). There were no noticeable differences in OB morphology
between groups 10:1, 5:1, 1:1, 1:5, 1:10, and OB on and after day 10.
From days 10 to 21, the OBs in all groups remained elongated and
parallel to each other (Fig. 3B).

Alizarin Red S Staining

Alizarin Red staining was performed at day 21 for the poly
styrene direct and indirect cocultures. The staining showed mineral
ization nodules and patches on the 1:5 and 1:10 direct coculture
ratios (Fig. 4A C). No mineralization was seen on the other direct
coculture ratios or on any of the indirect coculture ratios.

Alkaline Phosphatase Assay

Although at day 1, there was no difference in alkaline phos
phatase secretion between any of the direct coculture groups, by day
7, the 1:5 direct coculture group secreted significantly more alkaline
phosphatase than the other groups and remained the highest through
day 18. At day 12, 1:10 began to increase its secretion of alkaline
phosphatase and remained at levels close to 1:5 for the rest of the
culture period. On day 21, the amount of alkaline phosphate dropped
back to or below day 1 levels in all groups (Fig. 5A).

In the indirect coculture groups, there were no significant
differences in alkaline phosphatase secretion between the groups af
ter day 1. On day 1, there was very little alkaline phosphatase se
creted in the 1:5, 1:10, and OB group which does not correlate with
the direct culture values and could be due to error; but on day 3, these
groups had a levels of alkaline phosphatase to that secreted by the
other groups (Fig. 5B).

VEGF Enzyme-Linked Immunosorbent Analysis
Osteoblast monocultures secreted VEGF over 21 days and there
was no significant difference between the indirect and direct groups,
showing that the presence of the transwell membrane in the indirect
group did not alter OB VEGF secretion. The EC monocultures did not
secrete any detectable levels of VEGF in direct or indirect cultures. In
the direct contact cocultures, VEGF was detected only in the OB, 1:10,
and 1:15 groups. After day 1, the amount of VEGF secreted decreased
in the 1:5 and 1:10 direct coculture groups, but started increasing
at day 7. By day 21, the 1:5 direct coculture ratio VEGF secretion
exceeded that of the OB group. Vascular endothelial growth factor was
also present in the 1:5 and 1:10 indirect coculture ratios on day 1 but
was inhibited afterward and did not reappear in detectable levels until

4 | www.annalsplasticsurgery.com

day 18. For all coculture groups, there is significantly more VEGF
secreted than in the indirect groups (Fig. 6).

Collagen Assay

The pattern recognition count defines the visual vasculogenic
networks seen in each image of the well. The higher the number,
the more vasculogenic progression that was present. At day 1, the
vasculogenic response was dependent on EC density. The groups
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FIGURE 5. Alkaline phosphatase assay. A, Direct coculture.
Increase in secretion for 1:5 at day 7 and at day 12 for 1:10,
correlating with formation of mineralization nodules. B, Indirect
coculture showed constant secretion of alkaline phosphatase
throughout the culture period for all groups (n = 3, P < 0.05).
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FIGURE 6. VEGF assay. A, Direct coculture. No VEGF is
secreted except in groups OB, 1:5, and 1:10. At day 21, 1:5
had significantly more VEGF than all groups except 1:10 and
OB. B, Indirect coculture. OB VEGF secretion is significantly
higher than all the coculture and EC groups (n = 3, P <0.05).

with more ECs had more cells lining up and forming capillary like
formations. At day 3, EC, 10:1, and 5:1 had significantly more
vasculogenic activity than the rest of the groups. At day 7, 5:1 had
significantly more vasculogenic formations than 1:10, 1:5, and EC.
Endothelial cell and 10:1 groups peaked at day 3 and decreased on
days 7 and 10 after they were confluent in the culture showing evi
dence of contact inhibition. The 1:1, 1:5, and 1:10 continue to show
increased vasculogenic network formation up to day 7. Throughout
the 7 days, the OB group did not have any vasculogenic formations

and it, along with 1:10 and 1:5, had the lowest values (Fig. 7). On day
7, the cells in the 1:5 and 1:10 groups clustered together into circular
formations with a lining of ECs (Fig. 2).

Matrigel Angiogenesis Assay

The Matrigel angiogenesis assay was performed to determine
if the presence of OBs was inhibitory to vasculogenic performance
because ECs are able to form capillary networks in Matrigel without
any additional vasculogenic factors. When the wells were seeded so
that each well had the same number of ECs (Equal EC group), there
were no significant differences between the groups (Fig. 8). When
the wells were seeded so that there was an equal number of total cells
seeded (Seeding density group), resulting in a different number of
EC seeded in each well, the EC group had significantly more vas
culogenic network formation than the 1:1 and 1:5 groups. The EC
group also had more network formation than the 5:1 group, but it did
not result in a statistically significant difference. There was also a
significant difference between the 5:1 and 1:1 groups (Fig. 9). The
results show that in Matrigel, the vasculogenic response is dependent
on the number of ECs present in the culture and that OBs do not have
an inhibitory effect on angiogenesis when in a provasculogenic
environment.

DISCUSSION

Successful bone regeneration consists of both bone formation
and vascularization, and cocultures of cells have been increasingly
explored to achieve this.!® Various types of cells have been cocultured
with ECs, such as mesenchymal stem cells,?® stromal cells,!” fibro
blasts,??? and human primary cells.>!>!13 An advantage of using
human primary cells rather than stem cells is that differentiation of the
cells through the use of specialized media with osteogenic factors is
not required to achieve mineralization, which could translate into
eliminating the need for exogenous growth factors such as bone mor
phogenetic protein 2. Many studies focus on the behavior of the cells
in coculture that have an equal amount of ECs and OBs,!"!® but it is
apparent that the ratio of the cocultured cells is an important factor that
should be considered when designing implants.

Vasculogenesis

The vasculogenic response in collagen seems to be dependent
on having enough ECs to form the networks, but not too many that
the field becomes confluent and contact inhibition occurs, which
is what is seen in group 10:1 and EC at days 7 and 10. The 5:1
coculture ratio, followed by 1:1, have a ratio of ECs to OBs which
fosters ECs lining up and forming capillary like formation without

2
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% 1.2 75:1
c
2 w1l
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_g 0.8 +— § W15
=3 P .
§ N % 1:10
0.4 +—— m OB
0

Days

FIGURE 7. Collagen assay vasculogenic networks: 5:1 and 1:1 showed the highest vasculogenic networks for day 7; 5:1 had
significantly more vasculogenesis than all groups except 1:1 [mean (SE), n = 3-4, P < 0.05].
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FIGURE 8. Matrigel angiogenesis assay of the Equal EC group.
The number of vasculogenic networks was significantly lower
for the OB group. There were no differences between the other
groups (n = 3, P<0.05).

the culture overwhelming the OBs and becoming confluent and
losing organization. The 1:5 and 1:10 had more vasculogenic for
mations in collagen than expected at days 7 and 10 because they had
the fewest number of ECs in culture. Although the values were not as
high as those for EC, 10:1, and 5:1, these cultures demonstrated EC
organization which may have become more apparent and significant
if the culture period was extended further. Unfortunately, the culture
could not be extended past 10 days because the collagen delaminated
off of the wells at day 12. The response in these culture groups may
be a result of increased VEGF secretion from the OBs which was
seen in the polystyrene experiments.

Endothelial cells do not secrete VEGF in nonhypoxic condi
tions so the VEGF response seen in this set of experiments is only
from the OBs.?* At day 1, measurable amounts of VEGF in both the
indirect and direct culture groups were seen only in the OB mono
culture and the 1:5 and 1:10 cocultures. The increase in VEGF in the
direct cocultures seen at day 7 for 1:5 and 1:10, which coincides with
the formation of nodules, can be explained by the EC and OB
crosstalk that has been discussed in other studies which occurs with
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FIGURE 9. Matrigel angiogenesis assay of the Equal Seeding
Density group. EC had the highest vasculogenic pattern counts
and the number of ECs present is proportional to the pattern
counts seen for the different groups with the exception of 1:5
(n=3, P<0.05).
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direct contact between the cells.!%!> As the ECs interact with the
OBs, a release of paracrine factors occurs which has been shown
to increase mineralization and, in turn, increase OB secretion and
expression of angiogenic factors.

The Matrigel assay provided another way to look at angiogen
esis in a gel like matrix. Endothelial cell monocultures are able to form
vasculogenic networks due to the angiogenic factors in the Matrigel.
The results show that the amount of capillary formation in Matrigel
is roughly proportional to the number of ECs seeded. However, the 1:5
group had similar numbers of vasculogenic network formations as the
other coculture groups with more ECs, which was not expected. Be
cause the components in the Matrigel speed up the vasculogenesis
process, they could also be increasing the effect of the OBs on the ECs
in that ratio. In the collagen and polystyrene cultures, the ECs in the
1:5 ratio aggregate which also occurs in the Matrigel. The images of
the 1:5 ratio show that there is aggregation of the cells at the junction
points of the networks which may be serving as a nidus for the cap
illary tubules. Additionally, the secretion of VEGF was higher in the
1:5 coculture than in the other coculture ratios which may aid in an
increased amount of vasculogenesis. When the OBs were cultured in
the Matrigel by themselves, the cells mostly stayed separated with only
a few cells migrating together. No filopodia were seen in these cultures
so the extended capillary tubules seen in 1:5 were from the ECs and
not OB filopodia.

Mineralization

Vascularization is an important part of bone regeneration
and healing, not only because it provides a conduit for oxygen and
nutrients but also because it helps activate bone morphogenic
protein mediated healing processes. In studies in which angiogenesis
was inhibited, there was significantly reduced bone healing in vivo.2*
Vascular endothelial growth factor is secreted in a differentiation
dependent manner during osteogenesis and is an essential coordinator
in endochondral bone formation. It also has a role in OB differentiation
and mineralization.?>27 These factors may also have a part in the in
creased mineralization present in the 1:5 coculture, but in vivo studies
need to be performed to fully explore this phenomenon.

It was hypothesized that a coculture of ECs and OBs where
more OBs than ECs are present would result in increased mineraliza
tion compared to cultures with an equal amount or more ECs than
OB:s. In this study, mineralization was seen only in the 1:5 and 1:10
direct cocultures with 1:5 having more mineralization nodules and
patches than the 1:10 culture. This is also reflected in the alkaline
phosphatase assay where the highest amount of alkaline phosphatase
was produced by the 1:5 direct ratio group followed by 1:10 direct ratio
group. Because mineralization occurs only in the direct coculture and
not in the indirect coculture with the same cell ratios, it suggests that
there are more than paracrine effects at work. Multiple groups have
demonstrated that in cocultures, the contact between the cells is an
important part of the cellular response.®”-?® When the cells do not have
the opportunity to interact with each other through physical contact,
mineralization is not promoted. When cells are exposed to only cul
tured media and are not able to form cell to cell contacts, an increase in
expression of alkaline phosphatase is also not seen.®’-?® Alkaline
phosphatase secretion is an indicator of active calcium deposition and
is a byproduct of OB activity. Its secretion has been shown to be de
pendent on endothelial contact with OBs with Connexin43 as the gap
junction involved in the increase in alkaline phosphatase expression in
the cocultures. This secretion is not only dependent on the presence of
contact but also on how much contact and how long the different cell
types have with each other.?3! In the groups with more OBs than
ECs, the most alkaline phosphatase secretion was seen from days 7 to
14, after which there was a decrease in secretion. The EC monoculture
group did not have a significant rise and fall of the alkaline phospha
tase levels throughout the culture period for both the indirect and direct
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cultures. This reflects a constant secretion of alkaline phosphatase
from ECs, whereas the OB secretion of alkaline phosphatase is related
to the mineralization activity and OB differentiation.

The choice of culture medium is important because minera
lization occurs in OB monocultures in osteogenic media containing
B glycerophosphate and dexamethasone. In this study, the media
used do not contain dexamethasone or [ glycerophosphate and,
therefore, did not promote mineralization in OB monocultures after
21 days of culture. Because of this, mineralization seen in the cul
tures can be attributed to the effects of the coculture and not the
culture media. The use of primary differentiated cells in this study is
also important. Ma et al'” have also investigated the effect of coculture
ratios on osteogenic and vasculogenic outcomes with human marrow
stromal cells; however, osteogenic media were required to differenti
ate the cells and thereby induce mineralization. In culture medium
similar to what was used in this study, no mineralization was seen.

CONCLUSIONS

To improve vasculogenesis in human primary EC and bone
derived OB cocultures, ratios of 5:1 or 1:1 should be used; but to
increase mineralization, the 1:5 direct coculture ratio, followed by the
1:10 direct coculture ratio, should be used. This information can be
used to develop future tissue engineering scaffold systems which use
preseeded primary cells or even composite scaffolds for bone seg
mental defects which have an environment which would support
native OB migration into the scaffold. Additionally, this information
can be used in systems to augment and expand the use of bone grafts.

For complex tissues, such as bone, a vascular network needs to
be established to support cell infiltration and growth into central
areas of the scaffold. On the basis of this study, areas needing more
vascularization could be implanted with a 5:1 coculture and the areas
where bone formation is desired can be implanted with a 1:5
coculture. In these cultures, there is enough of 1 cell type to have
enough of an effect on the other cell type, but not sufficient to
overwhelm and overtake the culture. The study confirms that contact
between the ECs and OBs is important and that the simple addition of
growth factors into the milieu may not be enough to induce vas
culogenesis and mineralization.

ACKNOWLEDGMENTS
The authors thank Sarita R. Shah for the technical assistance
and John Jones for the assistance with statistical analysis.

REFERENCES

1. Lieberman JFG, ed. Bone Regeneration and Repair: Biology and Clinical
Applications. Totowa, NJ: Humana Press; 2005.

2. Lee K-B, Taghavi CE, Hsu MS, et al. The efficacy of thBMP-2 versus auto-
graft for posterolateral lumbar spine fusion in elderly patients. Eur Spine J.
2010;19:924 930.

3. Mears D. Surgical treatment of acetabular fractures in elderly patients with
osteoporotic bone. J Am Acad Orthop Surg. 1999;7:128 141.

4. Green S. A comparison of bone grafting and bone transport for segmental
skeletal defects. Clin Orthop Relat Res. 1994;301:111 117.

5. Wang D, Miura M, Demura H, et al. Anabolic effects of 1,25-dihydroxyvitamin
D3 on osteoblasts are enhanced by vascular endothelial growth factor pro-
duced by osteoblasts and by growth factors produced by endothelial cells.
Endocrinology. 1997;138:2953 2962.

6. Stahl A, Wenger A, Weber H, et al. Bi-directional cell contact-dependent regulation
of gene expression between endothelial cells and osteoblasts in a three-dimensional
spheroidal coculture model. Biochem Biophys Res Commun. 2004;322:684 692.

7. Villars F, Guillotin B, Amedee T, et al. Effect of HUVEC on human
osteoprogenitor cell differentiation needs heterotypic gap junction communi-
cation. Am J Physiol Cell Physiol. 2002;282:775 785.

© 2014 Lippincott Williams & Wilkins

10.

11.

12.

13.

14.

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

. Wenger A, Stahl A, Weber H, et al. Modulation of in vitro angiogenesis in a

three-dimensional spheroidal coculture model for bone tissue engineering.
Tissue Eng. 2004;10:1536 1547.

. Finkenzeller G, Torio-Padron N, Momeni A, et al. In vitro angiogenesis

properties of endothelial progenitor cells: a promising tool for vascularization
of ex vivo engineered tissues. Tissue Eng. 2007;13:1413 1420.

Clarkin CE, Emery RJ, Pitsillides AA, et al. Evaluation of VEGF-mediated
signaling in primary human cells reveals a paracrine action for VEGF in
osteoblast-mediated crosstalk to endothelial cells. J Cell Physiol. 2008;214:
537 544.

Fuchs S, Hofmann A, Kirkpatrick CJ. Microvessel-like structures from out-
growth endothelial cells from human peripheral blood in 2-dimensional and 3-
dimensional co-cultures with osteoblastic lineage cells. Tissue Eng. 2007;13:
2577 2588.

Wenger A, Stahl A, Kneser U, et al. Introduction of a three-dimensional co-
culture module for in vitro angiogenesis in bone tissue engineering. Eur Cell
Mater. 2003: 5.

Unger RE, Sartoris A, Peters K, et al. Tissue-like self-assembly in cocultures of
endothelial cells and osteoblasts and the formation of microcapillary-like
structures on three-dimensional porous biomaterials. Biomaterials. 2007;28:
3965 3976.

Koike N, Fukumura D, Gralla O, et al. Tissue engineering: creation of long-
lasting blood vessels. Nature. 2004;428:138 139.

Santos MI, Unger RE, Sousa RA, et al. Crosstalk between osteoblasts and
endothelial cells co-cultured on a polycaprolactone-starch scaffold and the in
vitro development of vascularization. Biomaterials. 2009;30:4407 4415.

. Hofmann A, Ritz U, Verrier S, et al. The effect of human osteoblasts on pro-

liferation and neo-vessel formation of human umbilical vein endothelial cells
in a long-term 3D co-culture on polyurethane scaffold. Biomaterials. 2008;29:
4217 4226.

. Ma J, Beucken JJ, Yang F, et al. Coculture of osteoblasts and endothelial cells:

optimization of culture medium and cell ratio. Tissue Eng. 2011;17:349 357.

Luesch H, Chanda S, Raya R, et al. A functional genomics approach to the
mode of action of apratoxin A. Nat Chem Biol. 2006;2:158 167.

Grellier M, Bordenave L, Amedee J. Cell-to-cell communication between os-
teogenic and endothelial lineages: implications for tissue engineering. Trends
Biotechnol. 2009;27:562 571.

Zhou J, Lin H, Fang T, et al. The repair of large segmental bone defects in
the rabbit with vascularized tissue engineered bone. Biomaterials. 2010;31:
1171 1179.

Choong CS, Hutmacher DW, Triffitt JT. Co-culture of bone marrow fibroblasts
and endothelial cells on modified polycaprolactone substrates for enhanced
potentials in bone tissue engineering. Tissue Eng. 2006;12:2521 2531.

Sieminski A, Padera R, Blunk T, et al. Systemic delivery of human growth
hormone using genetically modified tissue-engineered microvascular net-
works: prolonged delivery and endothelial survival with inclusion of non-
endothelial cells. Tissue Eng. 2002;8:1057 1069.

Liu Y, Cox S, Morita T, et al. Hypoxia regulates vascular endothelial growth
factor gene expression in endothelial cells. Circ Res. 1995;77:638 643.

Hausman MR, Schaffler MB, Majeska RJ. Prevention of fracture healing in rats
by an inhibitor of angiogenesis. Bone. 2001;29:560 564.

Gerber H, Vu T, Ryan A, et al. VEGF couples hypertrophic cartilage remod-
eling, ossification and angiogenesis during endochondral bone formation. Nat
Med. 1999;5:623 628.

Keramaris NC, Calori GM, Nikolaou VS, et al. Fracture vascularity and bone
healing: a systematic review of the role of VEGEF. Injury. 2008;39:S45 S57.

Mayer H, Bertram H, Lindenmaier W, et al. Vascular endothelial growth factor
(VEGF-A) expression in human mesenchymal stem cells: autocrine and
paracrine role on osteoblastic and endothelial differentiation. J Cell Biochem.
2005;95:827 839.

Guillotin B, Bourget C, Remy-Zolgadri M, et al. Human primary endothelial
cells stimulate human osteoprogenitor cell differentiation. Cell Physiol
Biochem. 2004;14:325 332.

Association AM. Pathophysiology of osteoporosis. Osteoporosis Management
[serial online]. 2004.

Hager S, Lampert F, Orimo H, et al. Up-regulation of alkaline phosphatase
expression in human primary osteoblasts by cocultivation with primary en-
dothelial cells is mediated by p38 mitogen-activated protein kinase-dependent
mRNA stabilization. Tissue Eng Part A. 2009;15:3437 3447.

Xue Y, Xing Z, Hellem S, et al. Endothelial cells influence the osteogenic
potential of bone marrow stromal cells. Biomed Eng Online. 2009;8:34.

www.annalsplasticsurgery.com | 7

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



